Although the band topology of ZrGeSe has been studied via magnetic torque technique, the electronic transport behaviors related to the relativistic Fermions in ZrGeSe are still unknown. Here, we first report systematic electronic transport properties of high-quality ZrGeSe single crystals under magnetic fields up to 14 T. Resistivity plateaus of temperature dependent resistivity curves both in the presence and absence of magnetic fields as well as large, non-saturating magnetoresistance in low-temperature region were observed. By analyzing the temperature-and angular-dependent Shubnikov-de Haas oscillations and fitting it via the Lifshitz-Kosevich (LK) formula with the Berry phase being taken into account, we proved that Dirac fermions dominate the electronic transport behaviors of ZrGeSe and the presence of non-trivial Berry phase. First principles calculations demonstrate that ZrGeSe possesses Dirac bands and normal bands near Fermi surface, resulting in the observed magnetotransport phenomena. These results demonstrate that ZrGeSe is a topological nodal-line semimetal, which provides a fundamentally important platform to study the ★ These authors contributed equally to this work. *Corresponding authors. E-mail: zrk@ustc.edu (R.K. Zheng); wz929@uowmail.edu.au (W. Zhao); sdong@seu.edu.cn (S. Dong).
INTRODUCTION
Topological state of quantum materials is now one of the spotlights in condensed matter physics and materials science and has attracted tremendous attention as of now. Different types of band topology in quantum materials have been predicted and investigated since the first report of topological insulators a decade ago. 1, 2 Under ideal conditions, the Fermi surface, which determines the electronic transport properties of topological quantum materials, is composed of isolated band crossing points and/or lines, which is different from those of normal conductors. 3, 4 Because of the peculiar Fermi surface, topological quantum materials possess a plenty of quantum phenomena such as extremely large magnetoresistance, ultrahigh carrier mobility, quantized Hall effect, and chiral anomaly in magnetoresistance, which are not only fundamentally important but also provide potential device applications. 5, 6 Besides bulk gapped topological insulators, bulk gapless topological semimetals have been progressively discovered in recent years. According to the degeneracy and distribution of band-crossing points in the Brillouin zone, topological semimetals are classified into Weyl semimetals, Dirac semimetals, and nodal-line semimetals. [7] [8] [9] [10] [11] Among them, Dirac semimetals usually regarded as a three-dimensional graphene, which possess band crossing points with four-fold degeneracy near the Fermi energy (EF). Alternatively, the Dirac points degenerate to pairs of discrete Weyl points with double degeneracy and different chirality (relevant materials are denoted as Weyl semimetals). [7] [8] [9] For nodal-line semimetals, the band crossing forms closed loops instead of discrete points in Brillouin zone. [10] [11] [12] Theoretical calculations predicted that the spin-orbital coupling may lead the nodal ring evolves to Weyl nodes, Dirac
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nodes, or open a gap to form a topological insulator, thus making nodal-line semimetal become one of the fundamental materials in topological physics studies. 12, 13 Several single crystals have been predicted to be nodal-line semimetals, including Ca3P, 14 Ca3P2, 15 A2B (A=Ca, Sr and Ba; B=As, Sb and Bi), 16 Mg3Bi2, 17 LaN, 18 Cu3(Pd,Zn)N, 19, 20 (Tl,Pb)TaSe2, [21] [22] ZrSiS, [23] [24] [25] [26] [27] CaAg(P,As), 28 BaMX3 (M=V, Nb, Ta; X=S, Se). 29 
EXPERIMENTAL SECTION
High-quality ZrGeSe single crystals were grown by the chemical vapor transport (CVT) method using the iodine (I2) as transport agent. 30, 31 Briefly, high-purity stoichiometric amount using an x-ray energy dispersive spectrometer (Oxford Aztec X-Max80) installed on the Zeiss Supra 55 scanning electron microscope.
The electronic transport properties were measured by the standard four-probe method using a physical property measurement system (PPMS-14T, Quantum Design). Ohmic
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contacts were prepared on a fresh cleavage ab plane using room-temperature cured silver paste. The electric current is parallel to the b axis while the direction of the magnetic field is parallel to the c axis of the crystal in the transverse magnetotransport measurement configuration.
The first-principles electronic structure calculations are performed using the Vienna ab initio simulation package (VASP) with the projector augmented-wave (PAW) potentials. 33, 34 To acquire an accurate description of the crystalline structure, the Perdew-Burke-Ernzerhof for solids (PBEsol) functional is adopted. 35 The cutoff of the plane wave basis was fixed to 500 eV and the Monkhorst-Pack k-point mesh is set to be 11115 for the minimal cell. Both the lattice constants and atomic positions are fully relaxed until the force on each atom is below 0.01 eV/Å. The Fermi surface was handled with Vaspkit, a post-VASP code, using a 545424 k-mesh. As shown in Fig. 2a , the zero-field resistivity-temperature (R-T) curve of the ZrGeSe crystal shows monotonically increasing within the entire temperature region (3-300 K), which suggests the metallic ground state of the ZrGeSe. For T  10 K the resistivity shows slight S7 fluctuation, which is similar to that reported in Cd3As2 38 and ZrSiS 39 Dirac semimetals and could be explained in terms of the quantum ballistic transport. The residual resistivity ratio (RRR) is approximately 14.9 under a zero magnetic field, suggesting that ZrGeSe crystal possesses a good metallic property. Moreover, the resistivity in the low-temperature region (T  75 K) can be quite well fitted using the equation  (T)=  0 +AT n with n  3.1 (Fig. S2 , Supporting Information), where  0 is the residual resistivity, A is a constant, and n is the parameter indicating scattering mechanisms. The obtained n value (3.1) is close to that of the ZrSiS crystal (n3). 39 This type of temperature dependence of resistivity, deviating from the pure electronic correlation-dominated scattering mechanism (n=2) observed in semimetal families, 40 can be attributed to the interband electron-phonon scattering. 39 In the presence of magnetic fields up to 14 T along the c axis, the resistivity plateaus still remain for T10 K, which can be clearly seen by using the logarithmic temperature axis (Fig. 2a) . Moreover, one can find that the application of magnetic fields induces a metal-to-insulator-like transition in the low-temperature region. Specifically, for B  3T the resistivity shows a minimum at a certain temperature (Tm) below which the resistivity increases with decreasing temperature.
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We employ dxx/dT-T plot to obtain the Tm values which are the T values at dxx/dT = 0 in Fig.   2b . The obtained Tmin value increases monotonically with increasing magnetic fields, as shown in Fig. 2c , and can be fitted by the equation Tmin~(B-B0) 1/ . The parameter  is 2.7, which is close to that of ZrSiS (  =3) crystal. 39 This type of magnetic-field-induced metal-to-insulator-like resistivity transition sometimes may result from the gap opening at the band-touching points in semimetals. 39, 41 However, in ZrGeSe, the total resistivity magnitude change is quite small, which may effectively explained by Kohler's rule. We notice that in semimetal system like WTe2, 42 or PtSn4 & PdSn4, 43 Kohler's rule is successful to attribute the field induced low temperature RT curves upturn upon cooling. Since Kohler's rule is both powerful and simplified, we employ Kohler's plot on temperature dependent magnetoresistance (which will be mainly discussed in next section) shown in Fig. S6 Supporting Information. We found that, in a certain degree, Kohler's rule scaling works well at 3 -300 K region, indicating that the carrier's scattering mechanism may be the same at different temperatures. In this case, even no field-induced energy gap opens, RT curves still present local minimums at high magnetic field region. We would like to leave this discussion as an open question in ZrGeSe system, a further low temperature & high magnetic field STM study may solve this puzzle.
2）Magnetoresistance and SdH Quantum Oscillations
The transverse magnetoresistance (MR) is the change of resistance with the magnetic field applied perpendicular to the electric current, which is defined by suggests that two pockets with obvious different size can be detected from the c direction in
ZrSiS-type nodal-line semimetals. In Hu's work, 31 one more pocket near 400 T also contributes to dHvA oscillations, which is absence in our experiment. The missing pocket in the present SdH oscillations is probably due to the lower (than Hu's work) applied magnetic field, which is failure to detect the large pocket.
The SdH oscillations for a semimetal can be described by the Lifshitz-Kosevich (L-K) formula, 44 with the Berry phase being taken into account for a topological system: (Fig. S3, Supporting Information) . Since the multi-frequency nature of the oscillations, we fitted the oscillation patterns employing the multi-frequency L-K formula (Fig. 4a) and obtained the phase shift factor  − related to the two oscillation frequencies are 0.93 and 1.08, respectively. Thus, the Berry (Fig. 4a) ,   exp −  ħeB , the Dingle temperature TD are 3.6 and 7.9 K which are related to the large and small Fermi pockets, respectively. To obtain a quantitative estimate of the carrier mobility, we calculated the quantum mobility,  = e/  . The aforementioned parameters are shown in Table 1 . AF, and  are the cross section area in Fermi surface, and Berry phase of the Fermi pockets, respectively.
Another approach to obtain the Berry phase is through the Landau fan diagram which is shown in Fig. 4b . Since xx>xy, we assign the maxima of the SdH oscillations as integers (n)
Landau level to linearly fit the n versus 1/H curve. As one can see in the inset of Fig. 4(b) , the y-axis-intercept values of 0.85 and 0.03 are obtained for the 44.3 and 228.3 T pockets, respectively, illustrating the non-trivial Berry phase in the transport behaviors.
3）Angle Dependent SdH Oscillations
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To further understand the geometry of Fermi surface, we performed angle-resolved SdH oscillations measurements. The MR versus B curves, as measured at different orientations of magnetic fields, are shown in Fig. 5a , where the magnetic field is always perpendicular to The rotation parameter  is the angle between the c axis and the direction of the magnetic field. Namely, the rotation of the direction of magnetic field is always within ac plane. As the direction of the magnetic field rotates toward the ab plane, MR increases gradually before 45 S14 degree and then decrease with further increase in . In fact, the MR values at certain magnetic field (e.g., 14 T) forms a "butterfly" shape (Fig. S4, Supporting Information) . The fourfold-like symmetry of the angle dependent MR curve at a fixed magnetic field implies that the Fermi surface of the ZrGeSe crystal is three dimensional 46 .
To clearly demonstrate the oscillations in the angle dependent MR curves, we multiply the higher-than-50-degree data
with different constants to demonstrate the increasing tendency. It can be seen that the oscillation patterns change near 45 degree. By subtracting the smooth background, we extract the oscillation patterns for all the rotation angles [ Fig. 5(b) by normal bands rather than Dirac bands. Upon application of magnetic fields along the c axis only two oscillations can be detected, which correspond to the two Dirac bands at Z-A and S16 Z-R direction. The large pocket at , which is, however, not even traceable, might due to the low carrier's mobility and its higher quantized field. In Fig. 6c , the famous nodal ring of ZrSiS-type nodal-line semimetal can be found in the ZrGeSe near Z-A-R plane, which is more or less 2D like, and contributes to the quasi 2D like behavior in angle dependent SdH analyses. Moreover, one can find another nodal ring at the middle plane of the Brillouin zone, which is slightly different in size. This nodal ring may contribute to the multi-frequency oscillation patterns in the angle dependent experiments.
CONCLUSIONS
In summary, high quality ZrGeSe single crystals were synthesized via the chemical vapor transport. Electronic transport measurements show that ZrGeSe single crystal exhibits metallic conductivity down to 3 K and resistivity plateaus below T=10 K for B3 T, whose magnitude is strongly enhanced by the application of magnetic fields with its direction perpendicular to the electric current direction. Upon sweeping the magnetic field at T=3 K, the ZrGeSe crystals ■ ASSOCIATED CONTENT
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